abstract: During early development of the human embryo, chromosomal imbalance and instability may cause spontaneous miscarriages. In this study, we observe aberrant chromosome numbers in nearly half of spontaneous miscarriage embryo samples, most of which show abnormalities in karotype. We also detect significantly reduced expression of two important mitotic checkpoint proteins, Mad2 and Bub1. To further investigate the role of Bub1 and Mad2 in chromosome mis-segregation, in embryogenesis, and in errors leading to spontaneous miscarriages, we used RNA interference technology to knockdown Bub1 and Mad2 genes. We examined the effect of reduced expression of Mad2 and Bub1 on chromosome number, cell proliferation and cell cycle progression. Significant suppression of cell proliferation and increased abnormal chromosome numbers were detected. M phase arrest was observed in cultured villus cell lines with depleted Mad2 or Bub1 mRNA by RNAi technique. The results from the in vitro RNAi-mediated silencing model may provide an explanation for the observations in clinical samples of spontaneous miscarriages. Thus, our findings strongly suggest that the loss of spindle assembly checkpoint proteins, such as Bub1 and Mad2, may cause spontaneous miscarriages.
Introduction
During oogenesis and early development of human embryos, cells undergo mitosis and division. Correct segregation of sister-chromatids ensures a stable chromosome number and normal process of cell cycle. It has been reported that aneuploidy is the main cause of pregnancy loss in humans and is the most common chromosomal abnormality at birth (Hassold and Hunt, 2001; Hassold et al., 2007) Aneuploidy in germ cells is primarily caused by chromosomal segregation errors during the first meiotic division of oogenesis (Vogt et al., 2000; Hassold et al., 2007) . It is generally accepted that such spontaneous miscarriages may result from certain genetic imbalance. However, the above hypothesis has not been fully validated.
It is well known that the spindle assembly checkpoint (SAC) acts as a monitor of physiological mitotic events. Many proteins that are involved in the spindle checkpoint interact and collaborate with each other to maintain genome stability by promoting the attachment of kinetochore to bipolar microtubules and by inhibiting the activation of the anaphase-promoting complex/cyclosome (APC/C) until all chromosomes correctly align on the microtubule spindle apparatus.
The hBub1 and hMad2 are essential components of the spindle checkpoint and play an important role in the normal mitotic process.
Analysis of Bub1 heterozygous oocytes showed that aneuploidy occurred primarily during the first meiotic division and involved premature sister-chromatid separation (Leland et al., 2009) . Furthermore, aneuploidy was inherited in zygotes and resulted in the loss of embryos after implantation (Leland et al., 2009) . Depletion of Bub1 in HeLa cells by using RNAi causes massive chromosome missegregation during mitosis (Tang et al., 2004) . Bub1 functions not only as a member of the checkpoint complex that acts to sense unattached kinetochore to trigger mitotic arrest, but also as a centromeric cohesion protector that prevents premature onset of anaphase (Tang et al., 2004; Perera et al., 2007) . Bub1 can phosphorylate Cdc20 and therefore inhibits activation of APC in cases where unaligned chromosomes are separated. Furthermore, because Bub1 assembles at the kinetochore early in prophase, it recruits other proteins, such as BubR1, Mad2, Bub3 and CENP-E, to locate on kinetochore (SharpBaker and Chen, 2001) . Taken together, Bub1 ensures the fidelity of chromosome segregation during mitosis and therefore the vitality of embryonic development.
As a signal transducer in the mitotic checkpoint complex, Mad2 directly binds to Cdc20 and blocks the activity of APC/C Cdc20 in a stoichiometric manner (Yu, 2002) . In meiosis, Mad2-dependent SAC is functional during the first meiotic division in mouse oocytes. Silencing of the Mad2 gene leads to chromosomal mis-segregation in meiosis I and thus the generation of aneuploid metaphase II oocytes (Niault et al., 2007) . Mad2 null mutation in the mice embryo causes early death during embryogenesis (Dobles et al., 2000) . Furthermore, chromosomal mis-segregation in human oocyte meiosis I leads to aneuploid embryos, which either mostly die in utero or survive to full term but later develop into trisomies, such as trisomy 21 (Hassold and Hunt, 2001) .
There is no report about hBub1 and hMad2 protein levels in human embryos with abnormal chromosomes. In the current study, we first focus on the detection of both protein levels in clinical samples of spontaneous miscarriage embryo samples and then re-establish a similar effect of the Bub1 and Mad2 protein on the chromosome number, cell karyotype, cell cycle and proliferation by employing the RNA interferencing technology. We show that nearly half of the clinical samples collected from Chongqing Medical University Affiliated Hospitals exhibit reduced Bub1 and Mad2 protein levels and abnormal chromosome numbers. RNAi-mediated depletion of the hBub1 and hMad2 gene in cultured villus cells causes chromosomal missegregation during mitosis, suppresses cell proliferation and impairs cell cycle progress. Thus, our results suggest that a reduced expression of Mad2 and Bub1 proteins is associated with spontaneous miscarriages.
Materials and Methods

Cell culture, transfection and immunochemical staining
Primary cytotrophoblast cells were grown in DMEM (Hyclone) supplemented with 20% fetal bovine serum (Hyclone) and maintained in a humid incubator at 378in a 5% CO2 environment. After 7 -10 days, cells were harvested and verified by antibodies (Zhongshan Company, Peking) as villus cells. Then 2.0 × 10 5 villus cells were seeded onto 24-well plates for 36 h and after that transfected with plasmids using Lipofectamin 2000 (Invitrogen) according to the manufacturer's instructions. For immunostaining, cells of 3 -5 passages were cultured on slides and fixed by 4% paraformaldehyde. The fixed slides were washed with PBS for 5 min, three times and blocked by normal rabbit serum for 10 -15 min at room temperature. The slides were stained with different rabbit antibodies that recognize endogenous Mad2 and Bub1 proteins, followed by biotin-labeled anti-rabbit IgG. The protein expression was visualized by using the substrate DAB staining procedure.
Collections of human miscarriage samples
The use of human tissues and samples was approved by the University's Ethics Committee. To study whether abnormal number of chromosomes in embryonic cells correlates with spontaneous miscarriages, clinical samples of spontaneous miscarriages (within the first trimester of pregnancy) were collected from the First and Second Affiliated Hospitals of Chongqing Medical University and then analyzed for chromosome(s) numbers in embryonic cells.
Metaphase chromosome spreads and karyotype analysis
Metaphase spreads were prepared from 3 to 5 passage cell lines. Exponentially growing cells were treated with colchicines at 10 mg/ml for 6 -10 h. Cells were collected by trypsinization followed by centrifugation. The collected cells were incubated in 0.075 mM NaCl hypotonic solution for 20 min at 378C and then suspended in 3:1 methanol:acetic acid fix solution three times for 30 min. Slides were prepared by adding fixed metaphase cells to a clean glass slide and spreading. The slides were dried at 378C, stained with Giemsa solution for 5 -10 min and examined under a microscope.
Western blotting
Samples containing Mad2 protein and Bub1 protein were separated by 15 and 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), respectively, and transferred to polyvinylide fluoride membranes. The blot was probed with antibodies against Mad2 and Bub1. The proteins were visualized by using the SuperSignal Western Pico Chemiluminescence Substrate kit (Thermo-Fisher) using the Syngene Bio-imaging Unit.
Reverse-transcription PCR
Total RNA of villus cells was extracted and converted to cDNA using oligo-dT primer and Moloney murine leukemia virus reverse transcriptase. The PCR products were used as PCR templates and quantitatively analyzed. Human GAPDH served as an internal control.
RNAi plasmid constructions
Oligo cassettes that express short hairpin RNA (shRNA) molecules targeted to hsMad2 gene and hBub1 gene mRNAs were synthesized according to shRNA designation principles. The oligo sequences were as follows: (i) three shRNAs to Mad2: shRNA-Mad2-1, shRNA-Mad2-2, shRNAMad2-3; and (ii), three shRNAs to Bub1: shRNA-Bub1-1, shRNA-Bub1-2, shRNA-Bub1-3. Oligonucleotides were annealed and ligated to the pTZU6+1 plasmid. The knockdown efficacy was verified in transfected villus cells by immunochemical staining, western blot and RT-PCR.
Cell proliferation and fluorescent-activated cell sorting analyses
Villus cells were grown in 96-well plates and transfected with short interfering RNAs (siRNA) plasmids. At 48 h after incubation, 20 Ul MTT was added to each well and DMSO was added to terminate the reaction 4 h later. The MTT assays were conducted by following our lab protocol. The siRNA plasmids with different silencing efficiency were used to transfect villus cells for 48 h, and then cells were treated by colchicines for 12 h and harvested. Cells were washed twice with cold PBS, fixed with 70% cold ethanol for more than 12 h and then treated with 200 Ul/ml RNase A at 378C for 1 h. Cells were stained with propidium iodide (PI) and subjected to flow cytometry.
Results
Protein levels of Bub1 and Mad2 are reduced in spontaneously abortive embryos while their mRNA levels remain relatively constant
To study whether an abnormal number of chromosomes in embryonic cells is correlated with spontaneous miscarriages, samples of spontaneous miscarriages (within the first trimester of pregnancy) were
Reduced expression of Mad2 and Bub1 proteins collected from the First and Second Affiliated Hospitals of Chongqing Medical University, and then analyzed for chromosome numbers in embryonic cells. Among the 56 samples analyzed, 25 samples were identified with abnormal karyotype by microscopy after Giemsa staining. Samples with normal chromosome numbers were chosen to cultivate and establish villus cell lines. Abnormal samples exhibited aneuploidy as 2n + 4, 2n + G and 3n 2 4 and polyploidy as 3n and 4n ( Fig. 1) . Detection of Mad2 and Bub1, two of the most important checkpoint proteins, was done by western blotting, while using normal karyotype samples as diploid control. We found that the significant reduction of both Mad2 and Bub1 protein levels (Fig. 2) . A strong positive signal of the Mad2 protein in the normal numerical chromosome tissues was found in 96.7% of samples, whereas that in abnormal numerical chromosome tissues occurred in only 24.0%. Likewise, a strong positive signal of the Bub1 protein in the normal numerical chromosome tissues was found in 93.5% of samples, whereas that in abnormal numerical chromosome tissues was found in only 8.0%. Statistical analysis (Fisher's exact probability method, P , 0.05) to determine the substantial difference between normal control and experiment samples is shown in Table I . Only 6 out of 25 experimental samples expressed a strong signal of Mad2 compared with 30 out of 31 expressing a strong signal in the control group, and four samples from the experimental group had Mad2 level undetectable. Similarly, in most of the experimental samples the Bub1 protein presented a weak signal (+) and six samples had no Bub1 signal (2). These results indicated that Mad2 and Bub1 may play an important role in the early development of the human embryo and abnormal expression of both proteins increases the risk of spontaneous miscarriages.
Then further quantitative reverse transcription RT -PCR was performed to detect mRNA levels of Mad2 and Bub1 (Fig. 3) . Interestingly, although the western blot results showed apparently different protein levels between the experiment and control groups, mRNA of Mad2 and Bub1 were very similar between the two groups. This discrepancy between protein and mRNA raised the possibility that Mad2 and Bub1 proteins were down-regulated post-transcriptionally.
However, whether there is any alternation in the pathway of these two proteins' post-translational modification or premature unbiquitination of newly synthesized proteins in aneuploid cells requires Figure 1 Karyotype analysis of the cells of spontaneous miscarriage villi tissues (×1000). Villus tissue of all samples were digested, pelleted, cultured and fixed on glass slides to prepare for Giemsa staining; 25 samples were determined with abnormal chromosome numbers, which represented aneuploidy, 2n + G (B), 2n + 4 (C) and 3n 2 4 (D), or polyploidy, 3n (F) and 4n (E). Other 31 samples had normal karyotype (A). further investigation. Recent studies suggest that endogenous miRNA may function as an important post-translational regulator, which integrates with the mRNA and usually reduces protein expression by inhibiting the translation process and having little effect on the mRNA (Bartel and Chen, 2004) .
Mutation is not responsible for the reduction of protein level
Although the function of microRNA may provide a plausible explanation about the underlying mechanism, other explanations could not be excluded. For example, gene mutations may change the open reading frames with deletions or nonsense substitutions. In this case, protein may not be detected by antibodies. To verify whether the reduced amount of protein was caused by gene mutations, we analyzed eight samples with abnormal chromosome numbers, which expressed the least amount of Mad2 and Bub1 proteins (two samples for Bub1 and six samples for Mad2 according to Table I ). The mRNA of Mad2 and Bub1 were amplified by RT-PCR and followed by DNA sequencing (Fig. 4) . We found that one sample contained a point mutation of Mad2 at the site 125 (C to A), while two samples harbored mutations of Bub1. However, all of the identified mutations were silent mutations, which are not responsible for the reduction of protein levels in Mad2 or Bub1. Thus, the absence of apparent mutations raised the possibility that down-regulated expression of Mad2 and Bub1 may occur posttranscriptionally. Future studies should focus on the mechanism through which the reduced level of the Mad2 and Bub1 protein is post-transcriptionally regulated, possibly through activation of microRNAs.
RNAi knockdown of Mad2 and Bub1 in villus cells
To determine whether the reduction of Mad2 and Bub1 proteins is associated with spontaneous miscarriages, we established an RNAimediated model in vitro. We chose 12 spontaneously abortive embryo samples with normal chromosome numbers to obtain villus cells by using the primary villus cell culture protocol. The villus cells were prepared for later transfection. Sense and antisense primers of shRNA complementary to the coding region of Mad2 and Bub1 were designed and synthesized and then were integrated into the pTZU6 + 1 plasmid vector and cloned. We designated them as pshRNA-Mad2-1/2/3 and pshRNA-Bub1-1/2/3 (Supplementary Figure, S1 ). All plasmids were verified by restriction enzyme and DNA sequencing. To evaluate the knockdown efficiency of plasmids and the interfering effect on Mad2 and Bub1 genes, we transfected cultured villus cells with the plasmids, followed by immunohistochemical analysis. Figure 3 Detection of mRNA levels of Mad2 and Bub1 between normal and abnormal samples. Every sample was set for five parallel tubes and the standard curves of Mad2 and Bub1 genes were made. The ratios of the Mad2 gene mRNA copy number in control and experimental groups to that of the GAPDH mRNA copy number were, respectively, 0.1132 + 0.0036 and 0.1115 + 0.0328. The ratios of Bub1 mRNA copy number in control and experimental groups to that of the GAPDH mRNA copy number were, respectively, 0.1021 + 0.0325 and 0.0963 + 0.0305. Statistical analysis (independent two-sample student's test, SPSS 12.0) between control and experimental groups (Mad2 and Bub1) separately showed no significant difference (P . 0.05).
Figure 4
Comparison between PCR amplified products of samples with database sequence of Mad2 or Bub1 genes by BLAST. Eight samples, which expressed the least amount of Mad2 and Bub1 proteins, were chosen. The two genes were PCR amplified, sequenced and then BLAST searched. There was only one point mutation in Mad2 gene (C to A, 125) and two point mutations in Bub1 gene (T to G,116; T to C,3098); but all three mutations were silent substitutions.
Reduced expression of Mad2 and Bub1 proteins transfection villus cells with plasmid shRNA-Mad2-1 exhibited the significant suppression of the Mad2 protein, and villus cells with the plasmid shRNA-Bub1-2 exhibited the most reduced Bub1 protein (Fig. 5A ). These results indicated that these two plasmids, shRNA-Mad2-1 and shRNA-Bub1-2, contained effective and successful interfering sequences. To further confirm that Mad2 and Bub1 were authentically knocked down by the plasmid interfering sequences, real-time quantitative RT -PCR and western blot analyses were performed. Consistent with immunoistochemistry analysis, plasmids containing pshRNA-Mad2-1 and pshRNA-Bub1-2 expressed less Mad2 and Bub1 protein in the western blot assay, compared with other plasmids (Fig. 5B) . Similarly, PCR results showed reduction of mRNA levels of Mad2 and Bub1 (Fig. 5C ). Thus the RNAi-mediated knockdown model can effectively silence expression of Mad2 and Bub1.
Knockdown Mad2 and Bub1 in cultured villus cells affected cell proliferation and cell cycle
Through the RNAi technique, the results revealed that Mad2 and Bub1 expression was effectively depleted in pshRNA-Mad2-1 and pshRNA-Bub1-2, respectively. Villus cells transfected with pshRNAMad2-1 or pshRNA-Bub1-2 showed apparent abnormality of chromosome numbers (Table II) . After being silenced in expression of Mad2, villus cells showed 29.0% occurrence of an abnormal chromosome number compared with 4.8% in the control group (P , 0.01). Likewise, 28.6% occurrence of numerical abnormality of chromosome was observed in Bub1 knockdown group while there was only 5.1% in control group (P , 0.01). Furthermore, abnormalities existed as forms of aneuploidy (XXY and 2n-1) and polyploidy (3n and 4n) (Fig. 6) .
To further confirm whether the in vitro model can replicate clinical observation, we examined the knockdown effect on cell proliferation and cell cycle progression. MTT proliferation assay showed that the embryonic villus cells exhibited significantly reduced cell numbers groups were pshRNA-Mad2-1, pshRNA-Mad2-2 and pshRNA-Mad2-3 for the Mad2 protein and pshRNA-Bub1-1, pshRNA-Bub1-2 and pshRNA-Bub1-3 for the Bub1 protein. The control group was pTZU6 + 1. Blank control was ddH2O and the scrambled group was pshRNA-N1. At 48 h after transfection, cells were stained by DAB and observed by microscope. Cells transfected with pshRNA-Mad2-1 and pshRNA-Bub1-2 showed least staining, meant that they were plasmids containing effective interfering sequences. (B) Detection of the expression of Mad2 and Bub1 proteins in transfected villus cells. Consistent with A, Mad2 protein western blotting assay showed that the pshRNA-Mad2-1 group expressed the least amount of protein and Bub1 protein western blotting assay exhibited that the pshRNA-Bub1-2 group contained the least amount of protein.
(C) Quantitative PCR of Mad2 and Bub1 mRNAs levels in transfected villus cells. Experimental procedure was the same as described in Fig. 3 . For Mad2 mRNA, statistical analysis between the pshRNA-Mad2-1 group and the pTZU6 + 1 group showed significant difference while other groups compared with pTZU6 + 1 group showed no difference. For Bub1 mRNA, comparison between pshRNA-Bub1-2 group and pTZU6 + 1 group exhibited statistical difference (P , 0.05, t-test). All those results including immunohistochemistry, western blot and PCR assays indicated that two recombinant plasmids, pshRNA-Mad2-1 and pshRNA-Bub1-2, contained an effectively interfering sequence to Mad2 and Bub1. In the control groups, cells were all transfected by the blank plasmid Ptzu6 + 1. Group A used the recombined plasmid pshRNA-Mad2-1 and group B was transfected with recombined plasmid pshRNA-Bub1-2.
when Mad2 or Bub1 were effectively silenced, when compared with that of the cells transfected with vector alone (P , 0.05). Inhibition ratios of 58 and 62% in cell proliferation were detected in Mad2 and Bub1 knocked down villus cells, respectively, relative to only 4% inhibition in control cells (Fig. 7A) . Fluorescent-activated cell sorting (FACS) analysis was performed to examine whether the down-regulation of Mad2 or Bub1 altered the cell cycle profile. Mad2 and Bub1 act as SAC proteins to monitor the microtubule correctly attached to the kinetochore at prometaphase. At 48 h after transfection with pshRNA-Mad2-1 or pshRNA-Bub1-2, cells were treated by colchicine for 12 h and harvested, and stained with PI. The results indicated that cells of pshRNA-Mad2-1 or pshRNABub1-2 were mostly arrested at M phase. In Mad2 and Bub1 cell clones, the G2/M phase cells were 18.6 and 21.3%, while the percentages of blank control and empty plasmid cells in the G2/M phase were 40.2 and 41.3%, respectively These results indicated that the depletion of Mad2 or Bub1 in villus cells would lead to dysfunction of SAC and more cells arrested in the M phase (Fig. 7B ).
Discussion
The imbalance of chromosomes plays a critical role in the abnormal development of human embryos and leads to abnormalities in karyotype (Fritz et al., 2001) . Occurrence of abnormal chromosomes in embryos is about 3%; but this frequency could surge up to 50-60% in spontaneous miscarriages in the first 3 months of pregnancy. The chromosome number changes primarily include trisomy, single X sex chromosome and polyploidy (Byrne et al., 1985) . It has been assumed that spontaneous fetal death may be in part due to the insufficient amount of some gene products so that normal cell proliferation and division cannot be sustained (Qumsiyeh et al., 2000) . However, this hypothesis has not been thoroughly validated. Our results have demonstrated that two important mitotic checkpoint proteins, Mad2 and Bub1 were reduced in clinical samples of spontaneous miscarriages. Although six samples expressed a strong signal of the Mad2 protein in the western blot assay, this may result from two types of conformational isoforms of Mad2 (Yu, 2006) . One is blurt The proliferation inhibition ratio of three groups, which were transfected with pTZU6 + 1, pshRNA-Mad2-1 and pshRNA-Bub1-2, were 4, 58 and 62%, respectively. (B) Difference in cell cycle distribution by silencing Mad2 and Bub1. As measured by the DNA content by FACS analysis, the ratio of the G 2 /M phase, most of the cells transfected with Mad2 and Bub1 interfering plasmids showed a lower ratio of the G 2 /M phase than that of control cells. The ratios of the G 2 /M phase in blank control and experimental control cells were 40.2 and 41.33%, respectively whereas those in pshRNA-Mad2-1 and in pshRNA-Bub1-2 were only 18.6 and 21.25%, respectively. conformation, N1 Mad2, which cannot act as normal checkpoint protein function. Importantly, except for sporadic polymorphic changes, Mad2 and Bub1 genes from all the cells expressed the least protein level and revealed intact open reading frames that are not associated with nonsense mutations. This phenomenon raises the possibility that abnormal embryogenesis and spontaneous miscarriages may be attributed to the dysfunction of the spindle checkpoint, instead of genetic change of checkpoint proteins. It has been widely reported that there are many researchers have reported the tumorigenesis is associated with impairment of the mitotic spindle checkpoint while genetic defects in the mitotic checkpoint have rarely been found in human cancers (Hernando et al., 2001; Masuda and Takahashi, 2002; Shichiri et al., 2002) . Although the processes of embryogenesis and tumorigenesis may be totally different, failure of the mitotic spindle checkpoint response to the signals of cell division seems play a major role in the mechanism leading to spontaneous miscarriages and cancer formation. Except for the fact that no meaningful genetic nonsense mutation was found in the clinical spontaneous abortive samples, we have no information to explain the discrepancy between the reduced protein level and constant mRNA level of Mad2 and Bub1 that has been observed in our study.
Recently, microRNA have been shown to function as important regulators of development and differentiation in mammal cells (Stefani and Slack, 2008) . MicroRNAs constitute a large group of non-coding small RNAs of 19 -22 nucleotides (nt) in length. The best characterized microRNAs from animals silence gene expression by blocking the translation of complementary mRNAs into protein. They interact with mRNA through imperfect base-pairing to mRNA sequences with the 3 ′ -untranslated region of mRNA (3 ′ -UTR) (He and Hannon, 2004) . MicroRNA regulation results in reduced protein products as well as invariable mRNA content. This phenomenon is co-incident with the discrepancy we found in Mad2 and Bub1 mRNA and protein levels. Thus, the compel' explanation for our observation is that endogenous microRNA pathway changes may cause downregulation of Mad2 and Bub1 genes. More than 300 microRNAs have been reported in diverse eukaryotic organisms so far and a set of them has been identified as stage and tissue-specific microRNAs in embryonic cells associated with their functions in embryo development (Suh et al., 2004; Kanellopoulou et al., 2005; Mineno et al., 2006) . Thus, the mechanism that potentially reconciles the paradox of unchangeable mRNA level and reduced protein of Mad2 and Bub1 warrants further investigation although other mechanisms may not be excluded. Mild reduction of Bub1 and Mad2 may lead to chromosomal misalignment and premature segregation which progressively activate APC/C and in turn activated APC/C will degrade more Bub1 and Mad2. Whether other metabolic aberrant pathways exist upstream of Mad2 or Bub1 is unknown. Because microRNAs are structurally and functionally related to the siRNA that cause RNA silencing, we utilized the siRNA interfering technology to recapitulate the effects of Mad2 and Bub1 depletion in cultured villus cells in vitro. Similar to the detection of clinical spontaneous abortive samples, our results have showed that siRNA-mediated silencing of both Mad2 and Bub1 inhibited cell proliferation, caused aneuploidy and polyploidy and even restricted most cells in the M phase. This model could not only explain the possible mechanism underlying embryogenesis with abnormal chromosome numbers, but also pave the road for further study and possible prenatal diagnosis.
